In preimplantation mouse embryos, the first lineage differentiation takes place in the 8-to 16-cell-stage embryo and results in formation of the trophectoderm (TE) and inner cell mass (ICM), which will give rise to the trophoblast of the placenta and the embryo proper, respectively. Although, it is widely accepted that positioning of a cell within the embryo influences lineage differentiation, the mechanism underlying differential lineage differentiation and how it involves cell position are largely unknown. Interestingly, novel cues from the Hippo pathway have been recently demonstrated in the preimplantation mouse embryo. Unlike the mechanisms reported from epitheliumcultured cells, the Hippo pathway was found to be responsible for translating positional information to lineage specification through a position-sensing mechanism. Disruption of Hippo pathway-component genes in early embryos results in failure of lineage specification and failure of postimplantation development. In this review, we discuss the unique role of the Hippo signaling pathway in early embryo development and its role in lineage specification. Understanding the activity and regulation of the Hippo pathway may offer new insights into other areas of developmental biology that evolve from understanding of this cell-fate specification in the early embryonic cell.
INTRODUCTION
The Hippo gene (hpo) was discovered in Drosophila in 1995 [1, 2] , and subsequent genetic and biochemical studies demonstrated that many components of Hippo pathway are highly conserved among Drosophila and mammals [3] . Several recent studies have shown a clear role for the Hippo pathway in regulating cell proliferation and apoptosis through a cellcontact inhibition mechanism [4] [5] [6] [7] . Dysregulation of Hipposignaling component genes can result in several severe phenotypes, for example, tissue overgrowth or embryonic lethality (for a review see ref. [8] ). Moreover, malfunctioning of the Hippo pathway has been found in several types of epithelial and hematologic cancers [9, 10] .
Components of the Hippo pathway can be categorized into three major categories: the upstream modulators (i.e., Ecadherin [CDH1], angiomotin [AMOT] , angiomotin like-2 [AMOTL2], neurofibromatosis 2 [NF2], WW and C2 domaincontaining protein [KIBRA] , and the newly identified nonerythrocyte a-spectrin protein (SPTAN1) protein and a major non-erythrocyte b-spectrin (SPTBN1) protein) [11] ; the Hippo core kinase components serine/threonine kinase 4 (STK4, also known as MST1/hpo), STK3 (also known as MST2), large tumor suppressor 1 and 2 (LATS1/2); and the downstream mediators (i.e., yes-associated protein [YAP] and TEA domain family members 1-4 (TEAD1-4) [8, [12] [13] [14] [15] [16] . The Hippo pathway is known to play a major role in regulating cell proliferation through activation/inactivation of the signaling cascade, dependent on a signal received from the upstream mediator. The basic Hippo pathway signaling cascade, derived from studying the control of cell proliferation and apoptosis in epithelial cells, is shown in Figure 1 . In proliferating cells or at low cell density the Hippo core kinase component is inactive (Fig. 1A) . As a result, YAP is not phosphorylated and actively shuttles into the nucleus to bind to its transcription coactivators TEAD1-4, to drive cell proliferation through activation of proliferative and antiapoptotic genes [12, [17] [18] [19] [20] . Once the cells reach confluence (Fig. 1B) , upstream modulators such as E-cadherin are activated through a cell-cell contact mechanism, to engage the Hippo core kinase to phosphorylate (inactivate) YAP. Phosphorylation of YAP generates a 14-3-3 protein binding site, which leads to YAP cytoplasmic retention and/or to a degradation process mediated by the SCF/b-TrCP E3 ubiquitin ligase. Thus, cell proliferation is inhibited. Recent studies have shown that some extracellular diffusible signals could regulate the Hippo pathway through G protein-coupled receptors (GPCR). Interestingly, GPCR signaling can either activate or inhibit the Hippo pathway depending on the coupled G protein. For example serum-borne lysophosphatidic acid (LPA) and sphingosine 1-phosphophate (S1P) act through G12/13 coupled receptors to inhibit the Hippo pathway kinase LATS1/2, resulting in activation of YAP, which goes into nucleus to activate the cell proliferation process. In contrast, stimulation of Gs-coupled receptors by glucagon or epinephrine activates LATS1/2 kinase to phosphorylate YAP, resulting in its cytoplasmic retention [21] . Several new proteins have been identified as members of or associated with the Hippo pathway, suggesting that the pathway has yet to be fully characterized. There are still unknown upstream mediators, especially those that interact with NF2 and KIBRA, that are still open to further investigation.
In mouse embryos, the first 4.5 days after fertilization are dedicated to cell size reduction followed by differentiation of the embryonic and extraembryonic lineages. Successful lineage differentiation is generated by the highly organized interplay of multiple signaling pathways which guide development from the zygote to the blastocyst-stage embryo. As a result, three distinct cell lineages, epiblast, primitive endoderm, and trophectoderm (TE), are well defined in the Embryonic Day 4.5 (E4.5) blastocyst prior to implantation (Fig. 2) . It has been shown that the orchestrated interplay of transcription factor networks, which regulate expression of epiblast, primitive endoderm, and TE lineage-specific markers, are indispensable for successful lineage segregation in preimplantation embryo [22] [23] [24] [25] . However, the mechanisms controlling expression of these lineage-specific markers are not well understood and are still controversial. The classical conceptual models to elucidate lineage differentiation mechanism in early mouse embryo that have been proposed are known as the prepatterning, the insideoutside, and the polarity model. The mechanism propelling lineage acquisition of the mouse embryonic blastomeres differs among these models. Furthermore, insight into the molecular signaling pathway bridging the model to lineage-specific marker expression has yet to be fully delineated.
Recently, the Hippo signaling pathway has been proposed as crucial to the control of lineage-specific marker expression in the preimplantation mouse embryo [26] [27] [28] [29] [30] [31] [32] . The role of the Hippo pathway has been demonstrated in first-lineage differentiation (TE and ICM differentiation), but its role in second-lineage differentiation (epiblast and primitive endoderm differentiation) remains unclear. In this review, we discuss the proposed lineage differentiation models and current understanding of the role of Hippo signaling pathway in A) The Hippo kinase is off at low cell density. The kinases MST1, MST2, LATS1, and LATS2 are inactive and YAP, which is not phosphorylated, shuttles into the nucleus to form a complex with the TEADs, promoting expression of target proliferation and anti-apoptotic genes (light green). B) When the cells reach confluence or are activated with some diffusible stimuli, multiple upstream modulators such as E-cadherin, a G-protein coupled receptor and other unknown upstream factors, activate the Hippo core kinase MST1, MST2, LATS1, and LATS2 to phosphorylate YAP. Phosphorylated YAP is retained in the cytoplasm, coupled with 14-3-3 protein, or undergoes protein degradation. As a result, YAP cannot form a complex with the TEADs and transcription of their target genes is inhibited. The roles of a-and b-catenin (a-b-Cat), AMOT, NF2, and KIBRA will be clarified in Figure 4 .
LORTHONGPANICH AND ISSARAGRISIL preimplantation embryo development and lineage differentiation. We also discuss the possible inputs that might associate with the Hippo pathway to regulate lineage-specification in the early mouse embryo.
CLASSIC CONCEPTS OF LINEAGE SEGREGATION DURING PREIMPLANTATION EMBRYO DEVELOPMENT
To explain establishment of these first lineages during mammalian preimplantation development, three models have been proposed (Fig. 3) .
Prepatterning Model
In this model of development, the molecular determinants necessary for formation of the mammalian embryo are postulated to be asymmetrically localized in the oocyte, just as they are in the oocytes of other vertebrates, such as the wellstudied frog, Xenopus. After the first cleavage, these molecular determinants were thought to be differentially segregated between daughter cells, such that their unequal distribution could influence the lineage commitment of each cell and that each blastomere could thus have a distinct cell fate (Fig. 3A) . Several studies put forward such a model in mammalian development [22, [33] [34] [35] [36] [37] and several marks were proposed as the key to lineage patterning in the mouse embryo (i.e., the position of the second polar body or of the sperm entry point at fertilization) [38] [39] [40] . Blastomeres of the 2-and 4-cell-stage embryo were also claimed to have distinct differentiation fates [34] [35] [36] . More recently, epigenetic factors in blastomeres of early embryo have been suggested to show a differential localization and thus account for influence the different future fate of the blastomeres [41] [42] [43] .
However, the notion of a predetermined and biased developmental potential for the blastomeres of early stage embryos is controversial for a variety reasons. Unlike the predetermination model in other organisms, a lineage-determining factor, which is supposed to be asymmetrically localized in the mammalian oocyte or zygote, has yet to be identified. Reports from several groups present evidence in conflict with this proposition [44] [45] [46] [47] [48] [49] [50] [51] [52] . Moreover, analysis of the transcriptome from each blastomere isolated from mouse embryo at the 2-, 4-, and 8-cell stages showed no significant variation in lineage divergence between single cells before compaction [53, 54] . Similar results were found in human embryos [55] . Currently, the prepatterning model of mammalian preimplantation embryogenesis appears unlikely.
Inside-Outside Model or Positional Model
The inside-outside model for determining embryonic cell fate was proposed by Tarkowski and WrÓ blewska [52] in 1967. This model suggests the position of the embryonic cell within the morula determines its future fate, with the inside cells becoming the ICM while the outer cells adopt a TE fate (Fig. 3B ). Tarkowski and WrÓ blewska also suggested that an intercellular environment was required for differentiation into the ICM lineage. This hypothesis was tested directly by forced repositioning of labeled blastomeres from up to the 32-cell stage embryo to an inside-or outside-position. Result shows that inside cells develop to ICM while outside cells become TE [56] [57] [58] , clearly suggests that cell fate determination is position-dependent.
According to embryo architecture, the surface area of the inner cell is in global contact with its neighboring cells. Hence, factors mediating cell contact could, in part, play a role in ICM lineage differentiation. Indeed, the role of E-cadherin, an intercellular adhesion molecule, in lineage differentiation was experimentally demonstrated [59] . Deletion of the E-cadherin gene resulted in nonaggregated blastomeres that failed to form 
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blastocysts but instead developed as trophoblastic vesicles. Lineage differentiation analysis also found a large proportion of E-cadherin deleted blastomeres express TE markers, suggesting that E-cadherin-mediated cell contact is required for ICM lineage commitment [59] .
The role of cell-cell interaction in lineage segregation has been further demonstrated by mechanical dissociation of the blastomeres from the 2-cell up to 32-cell stage [54] . Subsequent single-cell analysis showed that all resultant, long-term separated blastomeres adopted neither a TE nor an ICM cell fate but rather were biased toward an intermediate cell type with a TE-like transcriptome [54] . These results confirm that the formation of cell-cell contact, therefore cell-position, is required for specifying lineage differentiation.
Polarity Model
Several years after the inside-outside model was proposed, Johnson and Ziomek [60] proposed a variation of the insideoutside hypothesis known as the polarity model. In this model, cell polarity controls cell fates, in which polarized cells form the TE and nonpolarized cells become the ICM (Fig. 3C) . At the late 8-cell stage, membrane of those blastomeres facing the outside becomes polarized, and this polarity can be transmitted during cell division [61] . Depending on the orientation of the division plane, a polarized cell transmits its outward-facing apical domain to both daughter cells if the division plane is parallel to the polarity axis (symmetric division), resulting in two polarized cells on the outside surface of the embryo. In contrast, when the division plane is perpendicular to the apical A) The prepatterning model supposes that the ICM-and TElineages are predetermined by the asymmetrical localization of molecular determinants in the oocyte. B) The inside-outside model or positioning model proposes that cell fate is induced by the position of a cell at the morula stage, the inside cells becoming the ICM and the outside cell becoming the TE of the blastocyst. C) The polarity model proposes that polarity at the apical membrane domain could induce the TE-fate. At morula, the outer cells become polarized while inner cells do not. Two different division planes (dashed line) could occur in the polarized cells according to the mitotic spindle orientation, leading to symmetric and/or asymmetric divisions. Symmetric division results in two polarized cells and these cells would contribute to the TE-lineage. Asymetric divisions give rise to a polarized and a non-polarized cell, each of which would contribute to the TE-and ICM-lineages as their future fate, respectively.
LORTHONGPANICH AND ISSARAGRISIL axis (asymmetric division), one polar and one apolar cell is formed on the outside and the inside of the embryo, respectively. The inside cells, derived from the polarized cells, form the ICM, and the outside cells, derived from the apical surface, form the TE. This model introduces the concept of a relationship between the division plane and the transmission of apical domains as the key determinant for lineage segregation.
Several key proteins involved in establishing cell polarity such as partitioning defective 1 (PAR1), partitioning-defective protein 3 homolog (PARD3), partitioning defective 6 homolog beta (PARD6B), junctional adhesion molecule 1 (JAM1), and atypical protein kinase C (aPKCf also known as PRKCZ), were identified as critical to the control of TE fate in mouse embryos [62] [63] [64] [65] [66] [67] . Interference with the function of some of these proteins, such as aPKCf, in early embryos leads to a decreased tendency to develop into TE [67] . Polarization of cytoskeleton proteins such as actin and myosin were also found to be enriched in the apical region of the 8-cell stage blastomeres and in the outer cells of the morula [68] [69] [70] . Although the features of apical polarization in the outer cell of mammalian embryo share many similarities with those of mammalian epithelial cell lines, there are some important differences. E-cadherin-mediated cell contacts are required for establishment of epithelial polarity in cell lines, but this does not seem to be the case in blastomeres, because isolated blastomeres are capable of generating a polarized domain in the absence of any cell contact [54, 71, 72] . In maternal zygotic Ecadherin-deleted embryos (mzCdh1
), the blastomeres express apical markers, although the segregation of apical and basolateral domains are disrupted. As a result, mzCdh1 À/À embryos acquire TE cell fate through expression of caudal type homeobox 2 (CDX2), the TE-specific transcription factor [59] . Taken together, these results suggest that the apical domains plays an important role in lineage segregation of the early embryo and may work upstream of cell-cell interaction in determining cell lineage differentiation.
HIPPO PATHWAY ROLE IN MAMMALIAN DEVELOPMENT
The role of the Hippo pathway in mammalian development has been investigated in mouse models. Early studies confirmed that the lack of Hippo pathway activity resulted in embryo lethality or developmental retardation at the postimplantation stage for diverse reasons. Deletion of a Hippo core kinase component gene such as Yap led to lethality at E8.5 due to the defects in chorioallantoic fusion, yolk sac vasculogenesis, and embryonic axis elongation [73] . Although YAP and WW domain-containing transcription regulator protein 1 (TAZ) appear to be paralogs in mammals, existing evidence suggests that YAP and TAZ do not compensate for each other. Indeed, both Yap and Taz knockout mice showed different developmental phenotypes. While Yap knockout mice died in utero, Taz knockout mice were viable but developed renal cysts and kidney disease [74, 75] . Deletion of other Hippo core kinases, such as Lats1 and Lats2, gave very different result from those of Yap or Taz knockout mice. Mice deficient in Lats1 developed to term but exhibited several severe phenotypes, such as a lack of mammary gland development, infertility, growth retardation, soft tissue sarcomas, and ovarian stromal cell tumors [76] . Deletion of Lats2 resulted in embryonic lethality at E10.5 to 12.5, due to defective embryonic cell proliferation and retardation [77, 78] . However, deletion of both the Lats1 and Lats2 (Lats1/2 À/À ) genes resulted in a more severe phenotype, such as the failure of preimplantation development [29] . The Mst1 (À/À) or Mst2 (À/À) complete knockout mice were viable, fertile, and developed normally due to overlapping functions between the two genes. However, Mst1/2 (À/À) mice, lacking both the Mst1 and the Mst2 genes, failed to develop in utero at approximately E8.5 [79] . Taken together, these results clearly demonstrate that the core kinase components of the Hippo pathway play a significant role in mammalian development.
The question remains as to whether the Hippo pathway also plays an earlier role in preimplantation development. If it does, at which developmental stage is Hippo pathway functioning critical? To address these questions, a series of experiments confirmed that the Hippo pathway components do play novel roles during early mouse embryo development (i.e., in initiating a proper first differentiation event and in prolonging the second lineage differentiation of the embryo).
How the Hippo pathway works in lineage segregation and differentiation of preimplantation embryos and how it could fit with the previously proposed lineage segregation model, or the positional model and polarity models, are described below.
HIPPO PATHWAY IN THE FIRST-LINEAGE DIFFERENTIATION
As mentioned earlier, three classical concepts, the prepatterning, the inside-outside, and the polarity model, have been proposed to describe the mechanism of lineage specification of the preimplantation embryo. Among these models, however, the prepatterning model seems to be in disregard presently for the reasons mentioned above. Moreover, there is no available evidence to suggest that the Hippo pathway is involved in the prepatterning model but rather that it is relevant to the insideoutside and the polarity models. Therefore, we describe the role of the Hippo pathway in these two models.
Hippo Signaling Pathway in the Inside-Outside Model
A mechanism for the Hippo signaling pathway in preimplantation embryo came from analysis of mice lacking the transcription factor TEAD4, a downstream mediator of the pathway [31, 32] . Tead4-deleted embryos failed to express a key regulator of the trophectoderm lineage CDX2 and did not form trophectoderm. Later experiments demonstrated that the degree of cell-cell contact is involved in lineage decision, especially during the first lineage differentiation of inner and outer cells in the morula (8-to 16-cell stage). In the outer cells, where one portion of the cell surface is not in contact with other cells, the Hippo pathway is inactive, and YAP is not phosphorylated and thus freely shuttles into the nucleus where it binds with the transcription co-activator TEAD4, activating the promoter of the TE lineage-specific gene Cdx2 [29] . These outer cells that express CDX2 develop into the TE lineage. In the inner cells, with extensive cell-cell contacts, the core Hippo kinases are active and phosphorylate YAP, which remains in the cytoplasm. As a result, phosphorylated YAP cannot bind to TEAD4 to activate Cdx2 transcription in the inner cells, which will adopt the ICM-fate. Differential activation of this key regulatory gene by the Hippo signaling pathway thus leads to changes in cell fate specification during preimplantation development. Interestingly, changes in YAP localization in the embryo suppresses Cdx2 expression but has no effect on embryonic cell number [27] . This result suggests that different sets of genes are activated between embryonic and epithelial cells. Moreover, it clearly shows that the role of the Hippo pathway in the mammalian embryo does not involve size or proliferation control, the known classical function of Hippo pathway [80] .
It is difficult to determine whether the activation of Hippo pathway is dependent solely on cell-cell contact or whether ROLE OF Hippo PATHWAY IN EMBRYO DEVELOPMENT other adhesion molecules are involved. To answer this question, Anani et al. [81] showed the Hippo pathway is still active in embryos cultured in Ca 2þ -free medium, which can inhibit cell-cell interaction [81] . However, the Hippo pathway is inactive in the mzCdh1 À/À embryo, even though the blastomeres are located on the inside of the embryo. These results suggest that cell-cell contact is involved, but it is not essential to activate the Hippo pathway.
Thus, the question arises, how does an embryonic cell know its position? Is it depending on the concentration of E-cadherin at the cell boundaries, or is there any other position-sensing gene? To address these questions, Nishioka et al. [29] performed a number of experiments to demonstrate that cell fate induction is triggered by a position-sensing mechanism within the embryo. Precisely, LATS1/2 kinases, members of the Hippo core kinase cascade, were found responsible for converting positional information to cell fate determination. Differential activation of LATS1/2 was found among inner and outer cells. In the inner cells, LATS1/2 was active and able to phosphorylate YAP to induce cytoplasmic sequestration. As a result, the inner cell adopted an ICM-fate. However, LATS1/2 was inactive in the outer cells, YAP was not phosphorylated and shuttled to the nucleus to induce Cdx2 expression, and these outer cells adopt the TE-fate. Deletion of Lats1/2 resulted in lineage mis-specification with most of the embryonic cell expressing CDX2 regardless of their position [29] .
Interestingly, LATS1/2 is not only required during the first lineage segregation. Temporal reduction of LATS1/2 by small interfering RNA in the 1-cell stage embryo resulted in permanent lineage disruption of both the first and second lineage segregation [27] . Most of the Lats1/2 knockdownderived blastocysts adopted an outer-cell fate as shown by expression of epithelial cell markers such as CDX2, aPKCf, and zonula occludens 1 (ZO-1), regardless of their actual innerouter cell position. These experiments clearly confirmed the positional-sensing mechanism exists in early embryos and that the Hippo pathway plays an essential role in translating positional information to cell fate determination and differentiation.
An instant question arose as to what would happen to single blastomeres isolated from an intact embryo. Is the Hippo pathway always inactive, because there is no interaction between cells? To address this question, numbers of experiment have been done with single blastomeres derived from 8-cell stage embryos (1/8 blastomere) and miniature embryos derived from 1/8 blastomeres. Interestingly, the Hippo pathway is activated in these single blastomeres [29, 54] . This finding suggests there might be an alternative mechanism to activate Hippo pathway in the ''singled'' blastomere. In other words, cell contact is not the only factor activating the Hippo signaling pathway. However, knowledge of how the Hippo signaling pathway is regulated in a ''singled'' blastomere is still limited and requires further experimentation to disclose the molecular mechanism involved.
Although multiple factors have been proposed to regulate core Hippo signaling, the membrane-associated FERM domain protein NF2 (the ortholog of the Drosophila Merlin) remains the only upstream component required for Hippo signaling across a broad range of cell types [82] [83] [84] . Most recently, NF2, which acts upstream of YAP, has been shown to be a crucial factor controlling lineage differentiation in the preimplantation embryo. Maternal zygotic deletion of Nf2 yields embryonic blastomeres with an outer cell (TE) phenotype [26] , like Lats1/2 À/À embryos, suggesting that NF2 works upstream of LATS and YAP [26] .
Whether the Hippo pathway is the only input regulating lineage-specific gene expression in preimplantation mouse embryo is largely unknown. A recent study demonstrated that the Notch signaling pathway works in parallel with the Hippo pathway to regulate TE-fate specification during the first lineage segregation in mouse blastocysts [85] . Notch signaling is active in outer cells, and the Hippo pathway is inactive, driving Cdx2 expression in cooperation with TEAD4. Moreover, forced overexpression of the active form of NOTCH1 in early mouse embryo is able to direct allocation of blastomeres to the outside position, which are prone to acquire the TE-fate.
Hippo Signaling Pathway in the Polarity Model
Cell-cell contact contributes to the establishment of position-dependent Hippo signaling in preimplantation embryos, which in turn supports the inside-outside model. However, the inside-outside and polarity models of lineage specification reinforce each other and are conceptually similar [67, 86] . Recently, two independent groups [28, 30] found that the tight junction-associated proteins angiomotin (AMOT) and angiomotin like-2 (AMOTL2) are were essential proteins that converted position information to cell fate specification. In a polarized outer cell, AMOT and AMOTL2 interact with the apicobasal polarity PAR-aPKCf protein complex and PAR1 protein, to suppress LATS1/2 kinase activity. As a consequence, Yap shuttles into the nucleus, inducing Cdx2-expression in these polarized outer cells (Fig. 4) . AMOT localizes to the adherence junctions of the inner cells by binding to a complex consisting of cortical F-actin, a-and bcatenin, E-cadherin, and NF2. If the adherent junctionassociated AMOT is phosphorylated at S176 by LATS kinase, this results in activation of the Hippo pathway and YAP phosphorylation, preventing its nuclear localization. Therefore, Cdx2-expression is inhibited in the inner cells [28, 30, 80] . Deletion of Amot or Amotl2 from the preimplantation embryo resulted in embryos that failed to exclude YAP from the nuclei of the inner cells. AMOT and AMOTL2 are the proteins most recently described that permit linkage of the polarity concept to Hippo signaling in mammals. Recent studies in HEK293 cells confirm that AMOT is a target of LATS1/2 kinase. However, phosphorylation of AMOT by LATS1/2 kinase in cultured cells can only result in inhibition of cell proliferation, not lineage the mis-segregation seen in early embryos [87] .
Recently, the small GTP-binding proteins Rho and Rho kinase (Rock) were found to be key regulators of the Hippo pathway and of cell polarization in preimplantation mouse embryos [88] . ROCK-activity was found to be essential for YAP nuclear localization by interfering with LATS1/2 phosphorylation. Depletion of ROCK by the ROCK-inhibitor Y-2632 resulted in significant reduction of nuclear YAP accumulation and Cdx2 expression. Moreover, RHO and ROCK have been further implicated as essential factors for maintaining proper apical-basal cell polarization. Embryos treated with either Rho GTPase or ROCK inhibitor show disruption of the apical-basal polarity proteins. However, the molecular mechanisms underlying the mis-localization of polarity proteins that influences YAP-localization in the Rho GTPase and ROCK-treated embryo, has yet to be fully investigated.
Hippo Pathway in the Second-Lineage Differentiation
The differentiation model for the second lineage differentiation, which happens exclusively in the ICM of the late blastocyst, is not well understood. It was long thought that the LORTHONGPANICH AND ISSARAGRISIL ICM was a homogeneous population and that cell position alone in the ICM led to the formation of the two lineages, epiblast and primitive endoderm, at the late blastocyst stage (E4.5) (Fig. 2) . Similar to the inside-outside model, where the outer cells are more prone to differentiate than those inside, cells located at the periphery of the ICM, which are in contact with other cells only at their basal-lateral membrane and whose apical membranes are exposed to the blastocoel cavity, may also be more prone to differentiate. The epiblast cells, in extensive contact with other cells, have no ''free'' surface. Hence, they do not respond to differentiation signals but rather form the pluripotent epiblast which gives raise to all of the tissues in the adult body. This is the basis of the positional information model (Fig. 5A) for second-lineage differentiation of preimplantation embryos. However, recent studies clearly demonstrated that the ICM was already a heterogeneous mixture of cells at the early (E3.5) blastocyst stage (Fig. 5B) ; NANOG and GATA6, epiblast and primitive endoderm lineage-specific markers, respectively, were found to be randomly expressed in the ICM in a ''salt and pepper'' pattern [89] . Upon receiving a segregation signal such as Grb2-Ras-MAP kinase, the progenitor cells later segregated into the appropriate cell layers (i.e., where GATA6-positive primitive endoderm cells moved to the ICM interface with the blastocoel cavity, whereas NANOG-positive epiblast cells moved to the inside, beneath the primitive endoderm layer).
Whether the Hippo pathway plays a role in this secondlineage decision, segregation of primitive endoderm and epiblast, has yet to be fully elucidated. Recent studies have shown that inactivation of the Hippo pathway by depletion of Lats1/2 causes failure of the second-lineage differentiation [27] . Analysis of the lineage-specific markers in the ICM of Lats1/2-depleted embryos revealed robust levels of CDX2 (TEspecific marker) and NANOG (epiblast-specific marker) but no SOX17 (primitive endoderm-specific marker) [27] , whereas depletion of the tight junction mediator Amot resulted in a significant reduction of both the epiblast and primitive endoderm specific markers NANOG and GATA6, respectively [30] . A similar result was found in Nf2-deleted embryos [26] . Results from the dysfunctional upstream regulators of the Hippo pathway also suggest it plays an important role in second-lineage differentiation of the mouse embryo. However, proper primitive endoderm differentiation requires fibroblast growth factor 4 (FGF4), produced by epiblast-committed cells within the ICM, whereas primitive endoderm-precursors and TE cells express fibroblast growth factor receptor 2 (FGFr2) [23, 53] . Analysis of these Lats1/2-depleted embryos revealed that their epiblast cells did not produce FGF4, even though they were NANOG-positive.
Clearly more molecular analysis is required to determine the coordinate control of this lineage decision. Indeed, the sexdetermining region Y (SRY)-box 2 transcription factor (SOX2), known to mark cells of the epiblast, is restricted to the ICM of the blastocyst [90] . Recent experimentation has demonstrated that disruption of the Hippo core kinase genes Lats1/2 results in significant reduction of Sox2 transcripts and its expression level can be reversed upon the reactivation of Hippo pathway [27] . Hence, Sox2 is likely to be another downstream target of the Hippo pathway, and its interaction must be factored in to gain more insight into the exact In the outside cells, AMOT binds to F-actin and is inhibited by polarity proteins, resulting in inactive LATS1/2 kinase. YAP shuttles to the nucleus binds to its transcriptional co-activator, TEAD4, to induce Cdx2-expression. In the inside cells, AMOT is localized at the adherents junction through the interaction with NF2, a-and b-catenin and E-cadherin (blue square). Extensive cell adhesion initiates the Hippo signaling pathway by activating LATS1/2 kinase to phosphorylate (P) AMOT at S176, which in turn phosphorylates YAP, capturing it intracellular and preventing its binding with TEAD4, as a consequence Cdx2 is not-expressed.
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mechanism of the role of Hippo pathway on the second lineage decision in the mouse preimplantation embryo.
CONCLUSIONS
The concept of inside-outside and polarity models of lineage specification support each other and are conceptually similar. The Hippo signaling pathway can play an essential role in lineage specification of the preimplantation embryo by contributing to the position-or cell-polarity-dependent mechanisms. In the outer cells, polarity or position suppresses activation of Hippo pathway, resulting in differentiation to the TE-cell fate. In the inner cells, cell-cell interaction activates the Hippo pathway, leading to Hippo signaling and adaptation to an ICM-cell fate. This finding suggests that embryonic cells interpret their positional information into lineage differentiation largely via the Hippo pathway. However, the Hippo pathway is not a stand-alone signaling pathway; recent experiments demonstrate that other signaling pathways, (e.g., Notch) work in concert with the Hippo pathway to regulate cell fate determination in preimplantation embryos. Cross-talk between these pathways likely contributes to ensure proper lineage differentiation in early mammalian embryo. Further studies to determine other regulatory inputs to lineage specification in the early mammalian embryo should be forthcoming soon. FIG. 5 . Differentiation models of the inner cell mass (ICM) at the second lineage decision. A) In the positional model, the ICM is comprised of a homogeneous population of cells. Differentiation to primitive endoderm and epiblast depends on cell position. In the homogeneous ICM, the apical membrane of the cells at the periphery of the ICM is not in contact with other cells but rather is exposed to the blastocoel cavity and potential differentiation signals. These cells might be more prone to differentiate into primitive endoderm than the inside cells, which are in extensive contact with other cells of the epiblast. B) In the stochastic sorting model, the ICM even in the early blastocyst is a heterogeneous mixture of cells committed to the epiblast-and primitive endoderm-lineage (arranged in a salt and pepper fashion), which subsequently sort to their appropriate positions.
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